Highly ordered mesoporous carbon (OMC) materials have attracted much attention in many fields including catalysis, adsorption and energy storage, due to their high porosity, high surface area and controllable regular pore-structure [1] [2] [3] [4] [5] [6] . Successful synthesis pathways for obtaining OMC materials include the direct synthesis of OMC materials through the organic-organic self-assembly method (soft templating process) and nanoreplication of OMC materials from mesoporous silica templates (hard templating process) [7] [8] [9] [10] [11] . The direct synthesis method is suitable for large-scale production of carbon materials due to its easier process compared to the nano-replication method [7, 8] . However, the nano-replication method has still several advantages for synthesizing OMC materials. It is possible to synthesize various kinds of mesostructured OMC materials, which can be controlled by the mesostructure of the silica templates [12, 13] . In addition, the morphology of OMC materials can also be varied with the silica templates using desired morphologies [12] [13] [14] . More importantly, various kinds of carbon precursors including sucrose, furfural, p-toluene sulfonic acid (p-TSA) and phenanthrene [14] [15] [16] [17] can be used to control the physicochemical properties of the OMC materials, for which the nature of the carbon precursors affects the conductivity, porosity and surface functionality of the carbon frameworks [17] [18] [19] . However, nano-replication methods for OMC materials, based on a conventional thermal process at high temperature (typically above 900°C), are time-and energy-consuming processes. In order to oligomerize or polymerize the carbon precursors before the carbonization, an aging process should also be carried out in the presence of acid catalysts in low temperature ranges of 100°C-200°C. In the case of sucrose as a carbon source, sulfuric acid (H 2 SO 4 ) is typically used as an acid catalyst for the dehydration and subsequent oligomerization of the carbon precursor. This is very important for preventing the infiltrated carbon precursors from draining outside the mesopores of the silica templates before the carbonization. The oligomeric carbon species are then carbonized at high temperature above 600°C.
http://carbonlett.org was estimated from an average of more than 60 measurements, respectively. Fig. 1 shows the small-angle XRD patterns of the OMC-x-T materials. The mesostructure of the prepared OMC materials at 900°C, which is the typical carbonization temperature, shows XRD patterns corresponding to the typical Ia3d ([211] and [220] peaks) by the long-range ordering of the OMC samples, except for the OMC-A-900 and OMC-No-900 materials. However, the XRD patterns from the OMC-x-600 and OMC-x-300 materials changed significantly depending on the acid catalysts. As shown in Fig. 1 and Fig. S2 , the intensity of the XRD peaks gradually decreases as the carbonization temperature decreases. Most of the OMC-x-300 materials do not form a good mesostructured carbon framework. Nevertheless, the OMC-TSA-300 and OMC-P-300 materials had specific XRD patterns corresponding to mesostructured carbon frameworks. As seen in Fig. S2 , the OMC-TSA-T materials, obtained through carbonization under 500°C, exhibit a new peak that corresponds to the position of the (110) reflection peak, and all of the OMC-S-T materials show the corresponding (110) reflection peak. However, the (110) reflection peak is not observed in the case of the OMC-P-T materials, regardless of the temperature range for carbonization. The presence of a (110) reflection is known to be a phase transition from the cubic Ia3d symmetry to the tetragonal I4 1/a (or lower) symmetry after the removal of the silica template [16, 23] . The OMC materials with a well-developed Ia3d mesostructure is maintained by interconnecting thin pillars, which are formed inside the micropores connecting two different mesopores of the KIT-6 templates. The rigidity of interconnecting pillars seems to be related to the degree of carbonization. Based on this, the observance of a (110) reflection peak can be used as a relative indicator for the degree of carbonization. Thus, the data suggest that phosphoric acid exhibits the best carbonization ability at lower temperatures among the acid catalysts used in the present work.
peratures ranging from 300°C to 500°C.
The synthesis of the OMC was done with a general nanoreplication method. A mesoporous silica KIT-6 with a 3-d cubic mesostructure (Fig. S1 ) and sucrose were used as the silica template and the carbon precursor, respectively [21, 22] X-ray diffraction (XRD) patterns of the OMC materials were obtained in the reflection mode with a Rigaku D/MAX-2200 Ultima equipped with Cu K α radiation at 30 kV and 40 mA. Transmission electron microscopy (TEM) images were obtained with a JEOL JEM 3010 at an accelerating voltage of 300 kV. N 2 adsorption-desorption isotherms were collected with a Micromeritics Tristar system at the liquid N 2 temperature. All of the samples were completely dried under vacuum at 120°C for 24 h before the measurements. Specific Brunauer-Emmett-Teller surface areas were calculated from the adsorption branches in a relative pressure range (p/p 0 ) from 0.05 to 0.20. Pore-size distribution curves were obtained from the adsorption branches by the Barrett-Joyner-Halenda (BJH) method. The real density of all the OMC-x-T materials was analyzed with a Micromeritics Gas Pycnometer system using helium gas. All of the samples were also dried under vacuum at 120°C for 24 h before the measurements. The real density value of each OMC-x-T material OMC, ordered mesoporous carbon; TSA, p-toluene sulfonic acid; P, phosphoric acid; S, sulfuric acid; N, nitric acid; H, hydrochloric acid; A, acetic acid; No, no acid catalyst. materials (Table S1 and Fig. S3 ). Fig. 3 shows the TEM images of the typical OMC-TSA-T and OMC-P-T materials obtained by carbonization at 300°C and 900°C, respectively. The OMC-TSA-900 and OMC-P-900 materials ( Fig. 3c and d) clearly show a well-developed and well-aligned cubic mesostructure. The TEM images show that the carbonized OMC-TSA-300 and OMC-P-300 materials also have a comparatively good mesostructure. To Lattice parameters calculated from the (211) X-ray diffraction peaks of the materials. OMC, ordered mesoporous carbon; TSA, p-toluene sulfonic acid; P, phosphoric acid. Fig. 2 shows the N 2 adsorption-desorption isotherms and the corresponding BJH pore-size distribution curves for the OMC-TSA-T, OMC-P-T and OMC-S-T materials obtained at different carbonization temperatures. The physical properties calculated from the XRD and N 2 adsorption-desorption data for the OMC-TSA-T, OMC-P-T and OMC-S-T materials are summarized in Table 1 . The N 2 adsorption-desorption data exhibit tendencies similar to the XRD patterns. The isotherm curve of OMC-S-300 showed a very low N 2 adsorption amount and no capillary condensation while the OMC-S-600 and OMC-S-900 showed typical type-IV isotherms with hysteresis loops. Moreover, the OMC-TSA-300 and OMC-P-300 materials had type-IV isotherms with hysteresis loops from the formation of mesopores even at a low carbonization temperature of 300°C. Thus, the p-TSA and phosphoric acid are very effective as acid catalysts for OMC synthesis under a carbonization process at low temperatures. Surface areas and total pore volumes of the OMC-x-300 materials show remarkable differences depending on the type of acid catalyst used ( Table 1) . The excellent carbonization abilities of the p-TSA and phosphoric acid was also confirmed by the N 2 adsorption-desorption analysis among the OMC-x-300 http://carbonlett.org the low-carbonization temperature region, carbonization is progressed by both the acid catalyst (catalytic carbonization) and the heat simultaneously. The more the carbonization temperature decreases, the more the catalytic carbonization from the catalytic carbonization process prevails over the thermal carbonization. Consequently, for the synthesis of OMC materials at low temperatures, the carbonization ability of the acid catalyst is the most important factor.
To further understand the relationship between the carbonization ability and the acidity, the pK a values for each acid catalyst are listed in Table S2 . The pK a tendency of the acid catalysts does not correspond with the degree of mesostructure development of the OMC materials in the low-carbonization temperature region (<600°C). The XRD and N 2 sorption data (Figs. S2 and S3 and Table S1) indicate that both the strong acids (HCl, HNO 3 , and H 2 SO 4 ) and the weak acid (CH 3 COOH) do not result in the formation of ordered mesostructures below 600°C, whereas the use of p-TSA and phosphoric acid with relatively moderate acid strengths yields high-quality OMC materials at low temperatures. The acidity strength, based on the pK a value, is not a factor of the carbonization ability at low temperatures. Thus, the stability of the acid catalysts during carbonization is the reason for the low temperature carbonization. The carbonization ability of acid catalysts for OMC materials at a low temperature depends on the degree of surviving acid catalyst during carbonization. The retention of the acid catalyst within the pores of the silica template is important at low temperatures (<600°C) for the polymerization and dehydration of the carbon precursor. In this manner, the features of p-TSA, phosphoric acid, and sulfuric acid can be described as follows. p-TSA, phosphoric acid, and sulfuric acid have relatively higher boiling points than that of the other acid catalysts (Table S2) , which means that these acid catalysts can help carbonization more continuously in the low-carbonization temperature region than that of the other acid catalysts. Moreover, the p-TSA catalyst can have the role of a carbon precursor as well as an acid catalyst because the OMC material can be obtained with only p-TSA without any other carbon precursors [24] . In the case of the phosphoric acid, its excellent carbonization ability is mainly due to the formation of polymer-type phosphoric acids, such as pyrophosphoric acid and metaphosphoric acid, with increasing temperature [25] [26] [27] . In particular, phosphoric acid has a high carbonization ability at low temperatures which is due to such phase transformations.
In this study, various kinds of acids as carbonization catalysts were used for the synthesis of ordered mesoporous carbon materials. It was found that p-toluene sulfuric acid and phosphoric acid were very effective carbonization catalysts at low temperatures compared with the other acid catalysts including sulfuric acid, hydrochloric acid, nitric acid and acetic acid. These results may be attributed to the stability of the acid catalysts during the carbonization rather than the acidity strength. p-toluene sulfuric acid and phosphoric acid yield ordered mesoporous carbon materials by the double role as a carbon precursor and an acid catalyst for carbonization and by transforming into a polymer-type acid at low temperatures (<600°C), respectively. elucidate the reason for the excellent carbonization ability of p-TSA and phosphoric acid, the specific surface areas and real densities of all the OMC materials are plotted against the carbonization temperatures in Fig. 4 . According to these data, the carbonization process for preparing OMC materials might be divided into two regions: a low-carbonization temperature region (<600°C) and a high-carbonization temperature region (>600°C). Fig. 4 shows that the surface areas of all the OMC materials increase as the carbonization temperature increases up to 600°C and are saturated above 600°C, whereas the real densities are very similar below 600°C (~1.5 g/mL), and there is a rapid increase after this temperature which is probably due to the remarkable contraction of the carbon framework and the removal of other species except for the carbon element at high temperatures. The carbonization might mainly be attributed only to the heat (thermal carbonization) in the high-carbonization temperature region, where the acid catalysts do not exist due to their decomposition or gasification. In contrast, in the carbonization processes in Fig. 4 . Plots of (a) specific surface areas and (b) real densities of the OMC-x-T materials obtained at carbonization temperatures ranging from 300°C to 900°C. OMC, ordered mesoporous carbon; No, no acid catalyst; A, acetic acid; H, hydrochloric acid; N, nitric acid; S, sulfuric acid; P, phosphoric acid; TSA, p-toluene sulfonic acid.
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